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To identify the key parameter for optimal superconductivity in iron pnictides, we measured the
31P-NMR relaxation rate on BaFe2(As1−xPx)2 (x = 0.22 and 0.28) under pressure and compared the
effects of chemical substitution and physical pressure. For x = 0.22, structural and antiferromagnetic
(AFM) transition temperatures both show minimal changes with pressure up to 2.4 GPa, whereas
the superconducting transition temperature Tc increases to twice its former value. In contrast, for
x = 0.28 near the AFM quantum critical point (QCP), the structural phase transition is quickly
suppressed by pressure and Tc reaches a maximum. The analysis of the temperature-dependent
nuclear relaxation rate indicates that these contrasting behaviors can be quantitatively explained
by a single curve of the Tc dome as a function of Weiss temperature θ, which measures the distance
to the QCP. Moreover, the Tc-θ curve under pressure precisely coincides with that with chemical
substitution, which is indicative of the existence of a universal relationship between low-energy AFM
fluctuations and superconductivity on BaFe2(As1−xPx)2.
Identifying the key parameter that determines the op-
timal superconducting transition temperature (Tc) in the
superconducting phase diagrams involving other elec-
tronic orders is of primary importance to understand
the mechanism of superconductivity. In the Bardeen-
Cooper-Schrieffer (BCS) theory, Tc at the weak coupling
limit is expressed as[1]
Tc =
1.13ℏωD
kB
exp
(
−
1
N(0)V
)
, (1)
where ωD is the Debye frequency, kB is Boltzmann’s con-
stant, N(0) is the density of states at the Fermi energy,
and V is the pairing electron-phonon interaction. There-
fore, it is well known that the Tc of a BCS superconduc-
tor is affected by the isotope’s mass and pressure, both
of which change ωD and/or N(0). On the other hand, in
materials that exhibit superconductivity in the vicinity
of the antiferromagnetic (AFM) order, such as cuprates,
iron pnictides, and heavy-fermion superconductors, it has
been pointed out that Tc is roughly proportional to the
characteristic energy of spin-fluctuations based on self-
consistent renormalization (SCR) theory[2–4], suggesting
that these superconductors are mediated by the AFM
fluctuations. However, it is not straightforward to find
the most significant parameter for optimizing Tc even
in these superconductors because pressure and chemi-
cal substitutions, which are general methods to tune the
Ne´el temperature TN, and Tc, also change several physi-
cal quantities in these superconductors.
BaFe2(As1−xPx)2, which has a tetragonal ThCr2Si2-
type structure with space group I4/mmm (D174h,
No.139), is a member of the iron-based superconductors.
BaFe2(As1−xPx)2 is known to be one of the best com-
pounds for investigations among the iron-based supercon-
ductors, because superconductivity is induced by the iso-
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FIG. 1: (Color online) P concentration x - T phase diagram of
BaFe(As1−xPx)2 at ambient pressure[5]. Squares, triangles,
circles, and diamonds represent the structural phase transi-
tion temperature TS, Ne´el temperature TN, superconducting
transition temperature Tc, and the Weiss temperature θ, re-
spectively. The open symbols indicate the data from the sam-
ples in this study. The dashed line is intended to guide the
eye.
valence substitution of P; furthermore, clean single crys-
tals, in which the quantum oscillations are observable,
are obtained. Figure 1 shows the x - T phase diagram of
BaFe(As1−xPx)2 as a function of the concentration of P
at ambient pressure[5]. The resistivity, nuclear magnetic
resonance (NMR), and penetration depth measurements
indicate that an AFM quantum critical point (QCP) is
2located at x ∼ 0.3, and Tc reaches a maximum near the
QCP[5, 6]. According to SCR theory, in the case of a two-
dimensional AFM metal, the distance from the QCP can
be determined from the Weiss temperature θ, evaluated
by fitting the nuclear spin-lattice relaxation rate divided
by temperature, 1/T1T to the Curie-Weiss formula[7],
1
T1T
= a+
b
T + θ
, (2)
where a originates from the intra-band contributions re-
lated to the density of states, and b is related to the
strength of AFM fluctuations, thus −θ is regarded as the
temperature at which the AFM correlations diverge, i.e.,
the AFM ordering temperature. The sign of θ is changed
by varying the P substitution and θ becomes zero at x ∼
0.3, indicating the existence of an AFM QCP. A similar
relationship between superconductivity and AFM QCP
was observed in other “122” systems[8–11]. In addition,
ac susceptibility measurements on BaFe2(As1−xPx)2 un-
der pressure revealed that the pressure dependence of Tc
has a dome shape similar to the isovalent P substitu-
tion phase diagram at ambient pressure[12]. However,
the extent to which AFM fluctuations are changed by
pressure and the relationship between AFM fluctuations
and superconductivity as a result of the changing pres-
sure has not yet been reported. In general, an isovalent
substitution does not always give the same effect as an
applying pressure, e.g., phase diagrams are quite different
Fe(Se1−xSx)[13] and pressurized FeSe[14] as well as be-
tween Ce(Ir1−xRhx)In5 and pressurized CeIrIn5[15]. In
BaFe2(As1−xPx)2, the tuning parameter dependence of
structural parameters such as lattice constants are differ-
ent between on P substitution[16] and under pressure[17].
Therefore, the effect of these parameters for superconduc-
tivity and AFM fluctuations might be different, although
both parameters induce superconductivity[16, 18]. To
date, orbital fluctuations have also been considered to
play an important role for the pairing interaction in iron-
pnictide superconductors[19], and in general, it is difficult
to measure one of these fluctuations separately. For this
purpose, we would like to point out that 31P-NMR is one
of the best techniques to probe the AFM fluctuations
solely, because the nuclear spin of 31P is 1/2 and electric
coupling with the lattice is entirely absent.
In this study, we performed 31P-NMR measurements
on single-crystal BaFe2(As1−xPx)2 (x = 0.22 and 0.28)
under pressure to investigate the effect of pressure on the
magnetic properties and the phase diagram. At x = 0.22,
the structural phase transition temperatures TS = 72 K
and TN = 55 K are little changed by increasing the pres-
sure up to 2.4 GPa, whereas Tc is increased to twice the
original value. On the other hand, for x = 0.28, TS =
55 K is quickly suppressed by pressure and Tc decreases
gradually with increasing pressure. From a nuclear relax-
ation rate analysis, we find that the dependence of Tc on
the Weiss temperature θ can be quantitatively scaled be-
0.0
0.2
0.4
0.6
0.8
ambient pressure
ambient pressure
Tc
31P-NMR
TN
H  ^ c  H || c
     x = 0.22
     x = 0.28
1/
T 1
T 
(s
K)
-1
BaFe2(As1-xPx)2
0 50 100 150 200
1.0
1.5
2.0
2.5
(b)
 x = 0.22
 x = 0.28
S
 º
 (1
/T
1T
) H
^
c/(
1/
T 1
T)
H
||c
T (K)
BaFe2(As1-xPx)2
31P-NMR
TS
TN
Tc
(a)
FIG. 2: (Color online) (a) Temperature dependence of 1/T1T
for H ‖ c and H ⊥ c, and (b) the ratio of 1/T1T , S ≡
(1/T1T )H⊥c/(1/T1T )H‖c (b) at ambient pressure measured
for the x = 0.22 and x = 0.28 samples. The dashed lines of
(a) are fitting curves by the Curie-Weiss formula. The dotted
line of (b) indicates the value of 1.5.
tween pressure and P-content variations, indicating the
universal relationship between low-energy AFM fluctua-
tions and superconductivity in BaFe2(As1−xPx)2.
Single crystals of BaFe2(As1−xPx)2 were prepared as
described elsewhere[16]. Tc = 14.1 K for x = 0.22 and
29.1 K for x = 0.28 were determined by ac suscepti-
bility measurements using an NMR coil. Pressure was
generated in a piston cylinder-type pressure cell with
Daphne 7373 for the x = 0.22 samples, and an indenter-
type pressure cell with Daphne 7474 for the x = 0.28
samples[20, 21]. The applied pressure P was determined
from Tc of the lead manometer by using the relation of
P (GPa) = [Tc(0) − Tc(P )] (K)/0.364(K/GPa)[22, 23].
The 31P (nuclear spin I = 1/2, nuclear gyromagnetic ra-
tio 31γN/2pi = 17.237 MHz/T, and natural abundance
100 %) nuclear spin-lattice relaxation rate 1/T1 was de-
termined by fitting the time variation of the spin-echo
intensity after the saturation of the nuclear magnetiza-
tion to a single exponential function across the entire
temperature range as shown in Fig. S1[24].
Figure 2(a) shows the temperature dependence of
31/T1T for H ‖ c and H ⊥ c, and Fig. 2(b) the ratio
of 1/T1T anisotropy, S ≡ (1/T1T )H⊥c/(1/T1T )H‖c at
x = 0.22 and x = 0.28 at ambient pressure. As a result
of strong AFM fluctuations, 1/T1T is enhanced toward
TN and Tc with decreasing T ; 1/T1T shows a peak at TN
by critically slowing down in the x = 0.22 sample, and
1/T1T decreases below Tc due to the opening of the su-
perconducting gap in the x = 0.28 sample. Below TN and
Tc, the intensity of the NMR signal of the two samples
weakens to an extent that 1/T1T could not be measured
accurately. The temperature dependence of 1/T1T for
H ⊥ c is consistent with the previous report measured
in the mosaic of single crystals[5]. The anisotropy ra-
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FIG. 3: (Color online) (a) Temperature dependence of 1/T1T
for H ‖ c and H ⊥ c, (b) the ratio of 1/T1T , and (c) ac
susceptibility for x = 0.22 under pressure. The dashed lines
of (a) are fitting curves by the Curie-Weiss formula. The
dotted line of (b) indicates the value of 1.5. The dashed lines
of (c) are intended to guide the eye.
tio S of 1/T1T is ∼ 1.25 at high temperatures in both
samples, which originates from the stripe-type spin cor-
relations. As reported previously[25–27], the anisotropy
ratio of 1/T1T in the system dominated by stripe corre-
lations can be written as,
S ≡
(1/T1T )H⊥c
(1/T1T )H‖c
=
∣∣∣∣Sa(ωres)Sc(ωres)
∣∣∣∣
2
+
1
2
, (3)
where (1/T1T )H⊥c =
(1/T1T )H‖a+(1/T1T )H‖b
2 and Si(ω)
(i = a and c) denotes the spin fluctuations along the i axis
probed by NMR frequency ωres. Therefore, S becomes
1.5 if the Fe spin fluctuations are isotropic (|Sa| = |Sc|)
with the stripe correlations, whereas the ratio becomes
higher than 1.5 if in-plane stripe fluctuations develop
(|Sa| > |Sc|). In various iron-based superconductors, a
ratio of ∼ 1.5, suggesting the presence of a stripe AFM
correlation, has been observed just above TS or Tc[25–29].
Note that S is smaller than 1.5 at high temperatures,
originating from the existence of a paramagnetic contri-
bution. On cooling, S increases more rapidly below ∼ TS,
indicating that the in-plane Fe spin fluctuations increase
below the structural phase transition. The breaking of in-
plane four-fold symmetry enhances the stripe-type AFM
correlations, because the direction of the AFM correla-
tions is determined. In fact, the same enhancement of S
below TS was clearly observed in LaFeAs(O1−xFx)[27].
We defined the structural-transition temperature TS as
the onset of the increase in S and determined the AFM
ordering temperature TN as the peak of 1/T1T .
The pressure dependence of TN, TS and Tc was in-
vestigated with 31P-NMR and ac susceptibility measure-
ments. Figure 3 (a) shows the temperature dependence
of 1/T1T for H ‖ c and H ⊥ c, Fig. 3 (b) S, and Fig. 3
(c) the ac susceptibility at x = 0.22 under pressure. Al-
though Tc increases from 14.1 K at ambient pressure to
25.0 K at 2.4 GPa, TN and TS show only little changes by
pressure. The limitations of the pressure cell prevented
us from reaching the maximum of Tc. In contrast, 1/T1T
of the x = 0.28 sample is strongly affected by pressure
as shown in Fig. 4. The AFM fluctuations and TS are
significantly suppressed by pressure.
To estimate the pressure evolution of the Weiss tem-
perature θ, the temperature dependence of 1/T1T was
fitted to Eq.(2). We used the data for H ⊥ c to compare
with the previous results because 1/T1T for H ⊥ c is
determined with the in-plane AFM fluctuations[25]. The
fitting parameters of a and b are hardly changed by pres-
sure as shown in the insets of Figs. 3 and 4. This indicates
that the pressure does not change the density of states,
which is consistent with the band-structure calculation
and the AFM-fluctuation component significantly[5]. We
constructed the P -T phase diagrams of the x = 0.22
and 0.28 samples as shown in Fig. 5. In the x = 0.22
sample, although TN, TS, and θ undergo small changes,
the increase in Tc is large. In contrast, in the x = 0.28
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FIG. 4: (Color online) (a) Temperature dependence of 1/T1T
for H ‖ c and H ⊥ c, (b) the ratio of 1/T1T , and (c) ac
susceptibility at x = 0.28 under pressure. The dashed lines of
(a) are fitting curves by the Curie-Weiss formula. The dotted
line of (b) indicates the value of 1.5. The dashed lines of (c)
are intended to guide the eye.
sample, Tc gradually decreases with increasing pressure,
although TS is abruptly suppressed by pressure and θ
largely increases from −7 K at ambient pressure to 60 K
at 2.7 GPa, passing through the AFM QCP. To under-
stand the relationship between the AFM critical fluctu-
ations and superconductivity, Tc is plotted against θ ob-
tained for both the P-substitution and pressure studies
as shown in Fig. 6, where the previous results obtained in
the mosaic single crystals of the x = 0.20 sample under
pressure[30] were also analyzed by the same procedure
for comparison. The dependence of Tc on magnetic fluc-
tuations seems asymmetric before and after the AFM
QCP, and this asymmetric behavior of Tc can be under-
orthorhombic
(a)
(b)
FIG. 5: (Color online)P - T phase diagram at (a) x = 0.22
and (b) x = 0.28. The dashed lines are provided to guide the
eye.
stood in terms of the presence of the AFM phase in the
negative θ region, where the Fermi surfaces partially con-
tribute to the AFM ordering. The dependence of Tc on
θ obtained by tuning these two parameters is precisely
consistent with each other, and this result strongly sug-
gests the existence of a universal relationship between
the low-energy AFM fluctuations and superconductivity
in BaFe2(As1−xPx)2. Furthermore, we comment on the
effect of the nematic fluctuations revealed by measuring
1/T1 of
75As with nuclear quadrupole moment[31]. The
nematic fluctuations were shown to be enhanced below
approximately TS and to possess inhomogeneous glassy
dynamics[31]. As already mentioned, 1/T1 of the
31P-
NMR does not couple with the electric fluctuations re-
lated with the lattice dynamics, but only couple with
magnetic fluctuations. In addition, the deviation from
the Curie-Weiss behavior was observed even in 1/T1T of
31P below TS, but the value of θ was evaluated from the
5superconducting
FIG. 6: (Color online) θ dependence of Tc on
BaFe2(As1−xPx)2 at ambient pressure[5] and under pressure.
The dashed curve is added to guide the eye.
temperature range above TS, where the spin fluctuations
are homogeneous. Thus, the θ we evaluated is related
to the AFM fluctuations, which are not affected by the
nematic fluctuations.
It is noteworthy that the phase diagram of
BaFe2(As1−xPx)2 is well summarized by θ and that the
Tc maximum is observed near the AFM QCP even when
the spin fluctuations are changed by pressure, indicating
that the low-temperature properties are determined with
the low-energy AFM fluctuations in the normal state, and
that the maximum Tc near the AFM QCP is not acci-
dental but an intrinsic property. Because the applica-
tion of pressure introduces negligible disorder into the Fe
plane and hardly changes the carrier content, and isova-
lent P substitution shows less significant disorder effects
than that of Co or K substitution in BaFe2As2, adjusting
both of these parameters is an ideal way to change the
strength of electron correlations. A simliar θ dependence
of Tc was observed in various iron-based superconductors,
although maximum Tc and the detailed θ dependence of
Tc depend on the system[32].
In conclusion, we performed 31P-NMR measurements
on BaFe2(As1−xPx)2 (x = 0.22 and 0.28) under pres-
sure to investigate the relationship between low-energy
AFM fluctuations and superconductivity. The pressure
dependences of TS, TN, and Tc in these two samples are
almost the same as the dependences of these temper-
atures of BaFe2(As1−xPx)2 on x at ambient pressure.
This indicates the presence of a universal relationship
between low-energy AFM fluctuations and superconduc-
tivity, with the AFM fluctuation being the key parameter
in the case of BaFe2(As1−xPx)2.
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